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Abstract
Background: Small-animal single-photon emission computed tomography (SPECT)
systems with multi-pinhole collimation and large stationary detectors have
advantages compared to systems with moving small detectors. These systems
benefit from less labour-intensive maintenance and quality control as fewer prone
parts are moving, higher accuracy for focused scans and maintaining high resolution
with increased sensitivity due to focused pinholes on the field of view. This study
aims to investigate the performance of a novel ultra-high-resolution scanner with
two-detector configuration (U-SPECT5-E) and to compare its image quality to a
conventional micro-SPECT system with three stationary detectors (U-SPECT+).
Methods: The new U-SPECT5-E with two stationary detectors was used for acquiring
data with 99mTc-filled point source, hot-rod and uniformity phantoms to analyse
sensitivity, spatial resolution, uniformity and contrast-to-noise ratio (CNR). Three
dedicated multi-pinhole mouse collimators with 75 pinholes each and 0.25-, 0.60-
and 1.00-mm pinholes for extra ultra-high resolution (XUHR-M), general-purpose (GP-
M) and ultra-high sensitivity (UHS-M) imaging were examined. For CNR analysis, four
different activity ranges representing low- and high-count settings were investigated
for all three collimators. The experiments for the performance assessment were
repeated with the same GP-M collimator in the three-detector U-SPECT+ for
comparison.
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Results: Peak sensitivity was 237 cps/MBq (XUHR-M), 847 cps/MBq (GP-M), 2054 cps/
MBq (UHS-M) for U-SPECT5-E and 1710 cps/MBq (GP-M) for U-SPECT+. In the visually
analysed sections of the reconstructed mini Derenzo phantoms, rods as small as 0.35
mm (XUHR-M), 0.50 mm (GP-M) for the two-detector as well as the three-detector
SPECT and 0.75 mm (UHS-M) were resolved. Uniformity for maximum resolution
recorded 40.7% (XUHR-M), 29.1% (GP-M, U-SPECT5-E), 16.3% (GP-M, U-SPECT+) and
23.0% (UHS-M), respectively. UHS-M reached highest CNR values for low-count
images; for rods smaller than 0.45 mm, acceptable CNR was only achieved by XUHR-
M. GP-M was superior for imaging rods sized from 0.60 to 1.50 mm for intermediate
activity concentrations. U-SPECT5-E and U-SPECT+ both provided comparable CNR.
Conclusions: While uniformity and sensitivity are negatively affected by the absence
of a third detector, the investigated U-SPECT5-E system with two stationary detectors
delivers excellent spatial resolution and CNR comparable to the performance of an
established three-detector-setup.
Keywords: Small-animal imaging, SPECT, Mouse, Collimator, Post-reconstruction
filtering
Introduction
Compared to positron emission tomography (PET), the main advantage of micro
single-photon emission computed tomography (micro-SPECT) becomes apparent in
ultra-high-resolution submillimetre imaging. However, the benefit of superior reso-
lution traditionally comes at the cost of losing sensitivity [1–3]. This phenomenon is
called resolution-sensitivity trade-off and limits in particular the use of micro-SPECT
in preclinical imaging with small rodents [4].
In recent years, the progression of multi-pinhole collimated SPECT systems en-
abled imaging of animals with high spatial resolution while keeping the deficit in
sensitivity to a reasonable degree. This was essential for the application of SPECT
to numerous well-established disease models in small rodents. With improved sen-
sitivity, increasing the tracer injection dose to maintain enough signal was no lon-
ger necessary [3, 5].
In addition to multi-pinhole collimation, the development of ultra-high-resolution
SPECT (U-SPECT) scanners is lately focused on stationary instead of moving detectors,
usually arranged in a triangle configuration to cover 360° of detection area. The goal of
this set-up is to reduce the amount of moving parts for higher precision and less elab-
orate calibration and maintenance. Moreover, this allows the region of interest to be
measured very precisely, which helps with focused imaging [5–10]. In contrast to con-
ventional systems operating three detectors, the novel fifth-generation U-SPECT system
tested in this study uses a two-detector set-up without the bottom detector. The main
reason for removing the third bottom detector is to reduce acquisition and material
costs since it is assumed that the detector’s efficiency is sufficiently high.
The aim of this study was to analyse whether the two-detector U-SPECT system
could provide the same ultra-high-resolution for submillimetre molecular imaging in
small rodents as a conventional three-detector micro-SPECT-system, despite consider-
ably less detection surface.
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Materials and methods
System description
In this study, a novel fifth-generation U-SPECT system (U-SPECT5/CT E-Class;
MILabs, Utrecht, The Netherlands), in the following referred to as “2DT-Scanner” was
investigated with focus on its SPECT performance. The scanner construction is similar
to the previous generation micro-SPECT system (U-SPECT+; MILabs) [7] and consists
of stationary detectors with an exchangeable multi-pinhole collimator. A XYZ-stage
moving the scanned object in a spiral step-mode through the field of view (FOV) en-
ables whole body and focused scans [6, 8, 9].
For the conventional U-SPECT5, the detectors are arranged as a triangle around the
FOV. The detector surface comprises thallium-doped sodium iodide [NaI(Tl)] crystals
and measures 47.2 cm by 59.5 cm with a 9.5 mm thickness each. The E-Class (U-SPEC
T5-E) differs from the normal version as the bottom detector is removed. This reduces
the total detector surface by 1/3, from 8425.2 to 5616.8 cm2, what is still close to estab-
lished micro-SPECT systems with stationary detectors [10]. Figure 1 shows the different
detector arrangements schematically.
We investigated three different collimators for mice which are listed in Table 1. They
all consist of tungsten with five rows of 15 pinholes, which focus on a central FOV of 7
mm axial length and 12 mm transaxial diameter [9]. The pinhole size of the collimators
differs from 0.25 mm (type XUHR-M, MILabs), 0.60 mm (type GP-M, MILabs) to 1.00
mm (type UHS-M, MILabs).
All data was acquired in list-mode to enable selection of energy windows after acqui-
sition. Quality control and maintenance was carried out on a regular basis as suggested
by the manufacturer.
Data processing and image reconstruction
For reconstruction of the created list-mode data, the similarity-regulated ordered-
subsets expectation maximisation algorithm (SROSEM), as provided with the dedicated
U-SPECT5-E
2-detector system
U-SPECT+
3-detector system
a b
Detector 3
CFOV
Multipinhole
Collimator
CFOV
45 
mm
12 
mm
Fig. 1 Schematic cross section of the arrangement of the detectors of the new two-detector SPECT system
(2DT-Scanner) (a) and a standard three-detector system (3DT-Scanner) (b). The surface of each stationary
detector head, shown here as a square, has a size of 47.2 cm × 59.5 cm and consists of 9.5-mm-thick NaI(Tl)
crystals. Collimators’ inner diameter is 45.0 mm and centre field of view (CFOV) counts 12.0 mm diameter
by 7.0 mm length
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software (MILabs.Rec Version 8.06) of the 2DT-Scanner system, was used [11]. As no
official recommendations were provided by the manufacturer, a validation of multiple
reconstruction settings with respect to the image quality was carried out in advance.
The number of iterations varied from 1 to 5, and the number of subsets remained con-
stant at 128. As reference, images reconstructed with the same number of updates with
the established maximum likelihood expectation maximisation (MLEM) algorithm with
1 subset and 128 to 640 iterations and pixel-based ordered-subset expectation maxi-
misation (POSEM) algorithm with 32 subsets and 4 to 20 iterations were used [12, 13].
Image quality was compared both visually and quantitatively for noise and contrast
using the methodology described below. Based on this, 3 iterations with 128 subsets
were applied corresponding to the literature [11]. Smallest possible voxel size of 0.1
mm for XUHR-M and 0.2 mm for GP-M and UHS-M was used.
Photopeak window was set to 20%, resulting in a range of 126 to 154 keV for a
photopeak of 140 keV. Scatter correction was performed by applying the triple energy
window (TEW) methods [14]. The obtained SPECT images were analysed with the
public domain program “A Medical Imaging Data Examiner” (AMIDE for Mac, version
1.0.5) [15], which was used for post-reconstruction 3D-Gaussian filtering as well as for
placing and analysing regions of interest (ROIs).
Sensitivity
The sensitivity of each collimator was calculated in accordance to the National
Electrical Manufacturers Association (NEMA) [16] in photopeak counts per sec-
ond (Ri) per megabecquerel of applied activity (cps/MBq) by using a point source
with an activity (Acal) of 1.9 ± 0.1 MBq (mean ± standard deviation)
99mTc-per-
technetate was measured in a dose calibrator (ISOMED 2010, Nuvia Instruments,
Dresden, Germany) with daily performed quality control and placed in the centre
of the respective collimator [10]. All well counter measurements were decay cor-
rected to the start of acquisition. Acquisition time was set to 5 min with 1 bed
position (BP). All acquisitions had more than 100,000 counts to reduce statistical
deviation.
Sensitivity ¼ Ri
Acal
Table 1 Specifications of the used collimators
Collimator type XUHR-M GP-M UHS-M
Purpose Extra ultra-high resolution
mouse imaging
General purpose
mouse imaging
Ultra-high sensitivity
mouse imaging
Pinhole size (mm) 0.25 0.60 1.00
Number of pinholes 75
Inner diameter (mm) 45
Centre field of view—length (mm) 7
Centre field of view—diameter (mm) 12
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Spatial resolution
To investigate the collimator dependant system’s spatial resolution, three different mini
Derenzo hot-rod phantoms, illustrated in Fig. 2, were scanned (Vanderwilt Techniques,
Boxtel, Netherlands) (Table 2). Each phantom contains six different sized hot-rod capil-
lary sections. The smallest phantom (850.350) covers rods with a diameter of 0.22 to
0.50 mm. The medium-sized phantom (850.100) includes rods with 0.35 to 0.75 mm
and the biggest phantom (850.500) has the diameter range of 0.70 to 1.50 mm. In each
section, the intercapillary distance equals the respective rod diameter of that section.
The phantoms were filled with a 99mTc-pertechnetate solution, activity concentration
was 339.0 ± 39.1 MBq/ml, whereupon they were placed in the centre of the FOV. To
cover the whole phantom, 9 BP for the 850.350 and 850.100 and 10 BP for the 850.500
phantom were needed with a total acquisition time of 45 min and 50 min, respectively.
Smallest discriminable rod size was determined to describe the collimator-dependant
maximum resolution.
Uniformity
The system’s uniformity was assessed by using the phantoms mentioned above without
the capillary inlays but filled with similar activity concentrations (322.8 ± 8.6 MBq/ml)
of a 99mTc-pertechnetate solution. The filling volume was 1.3 ml. Uniformity analysis
was performed by positioning a ROI with a diameter of 7.5 mm and 6.0 mm length in
the centre of the phantom. The image was smoothed by a Gaussian post-filter with full
width at half maximum (FWHM) of 0.35 mm (XUHR-M), 0.50 mm (GP-M) and 0.75
mm (UHS-M), respectively, equalling maximum resolution. The formula of the NEMA
was used [16]:
Uniformity %ð Þ ¼ 100 Max count − Min count
Max countþ Min count
b
1.50
1.20 0.70
1.0 0.80
0.90 mm
0.75
0.60 0.35
0.50 0.40
0.45 
mm
a 850.350
0.50
0.40 0.22
0.35
0.30 
mm
0.25
850.100850.500
5 mm
850.500
Fig. 2 a Axial view of tomographic CT images of the three mini Derenzo hot-rod phantoms with
different ranges of rod diameters, here shown in mm. All three phantoms were employed for spatial
resolution assessment. Phantom 850.500 and 850.100 were also used to create templates for the
contrast-to-noise ratio (CNR) analysis. The templates consisting of hot and cold regions of interest
(ROI) were placed on the SPECT images of the respective phantoms. Each ROI had a length of 6.0
mm and a diameter of 90% of the corresponding rod diameter. b SPECT image plus CNR template
derived from a 45-min scan of the phantom 850.500 acquired with the GP-M collimator and an
activity concentration of 30 MBq/ml. The slice thickness was set to 6.0 mm
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Contrast-to-noise ratio
For the assessment of the contrast-to-noise ratio (CNR), the method firstly introduced
by Walker et al. [17] was applied. Therefore, a template was created by drawing ROIs
on a high-resolution computed tomography (CT) image of the two mini Derenzo phan-
toms 850.100 and 850.500. After setting the length to 6.0 mm with 0.9 times the diam-
eter of the rods, the ROIs were placed on SPECT images with changing collimators as
shown in Fig. 2. Circles in red and blue indicate hot and cold areas, respectively.
The contrast Cd and noise Nd were calculated as follows:
Cd ¼ Rd − Bd
Rd
Nd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2Rd þ σ2Bd
q
ROIsd
The calculation was performed for each rod diameter d. Rd represents the mean value
of all ROIs placed in the hot rods and Bd represents the mean value of all ROIs placed
on cold areas in-between. For noise calculations, σRdand σBd are the standard deviations
of hot Rd and cold Bd rods, respectively, while ROIsd is the mean value of all ROIs for
the investigated diameter d.
The contrast-to-noise ratio was defined as:
CNRd ¼ CdNd
SPECT images were post-filtered by applying a 3D-Gaussian filter. FWHM was set to
the diameter of each investigated rod section to enhance image quality and maximise
the CNR. The above mentioned three different collimators XUHR-M, GP-M and UHS-
M were investigated by using two activity concentrations of 32.8 ± 4.1 MBq/ml and
320.1 ± 6.5 MBq/ml, respectively. The acquisition time was set to 3 s, 30 s and 300 s
time per bed position (TPB).
To illustrate the comparison of the individual count levels, the scans were divided
into the activity concentrations that would have achieved the same results with a TPB
of 300 s. Consequently, the descriptors used are ~ 0.3 MBq/ml, ~ 3 MBq/ml, ~ 30
MBq/ml and ~ 300 MBq/ml with a total scan duration of 45 min, since at least 9 BP
were required to cover the examined volume completely.
Thus, the image quality achieved with the three different collimators for rods from
0.35 to 1.50 mm was compared for a wide range of count levels. In addition, the images
of the different activity concentrations obtained were examined visually for the
Table 2 Specifications of the used phantoms
Phantom type 850.500 850.100 850.350
Purpose Ultra-micro resolution
phantom
Ultra-high micro
resolution phantom
Ultra-high plus micro
resolution phantom
Diameter of insert (mm) 24 12 12
Hight of insert (mm) 12 10 8
Diameter of hollow channels–range (mm) 0.22–0.50 0.35–0.75 0.70–1.50
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respective collimator- and count-dependant maximum resolution in order to be able to
better assess and classify the CNR values.
Comparison to U-SPECT+
A conventional SPECT system with three stationary detectors (U-SPECT+; MILabs), in
the following referred to as “3DT-Scanner”, was used to compare the new 2DT-
Scanner with two large stationary detectors to an established standard of reference in
preclinical imaging of small rodents.
The measurements were performed analogously with the isotope 99mTc in the same
850.100 phantom and the same GP-M collimator as in the 2DT-Scanner to compare
imaging capabilities of these two systems.
For sensitivity assessment, the activity was 3.7 MBq as a point source. Acquisition pa-
rameters were kept as mentioned above with 1 BP and a total scan time of 5 min. For
examining the spatial resolution, we used the 850.100 (Fig. 2) mini Derenzo phantom with
an activity concentration of 296.4 MBq/ml, total acquisition time of 60 min, 12 BP and
300 s TPB. The uniformity was also calculated similarly to the examined 2DT-Scanner
with the help of the 850.100 phantom without insert. Activity concentration was 298.6
MBq/ml with a filling volume of 1.5 ml. Acquisition time was set to 60 min (12 BP, 300 s
TPB). For CNR analysis, the activity concentration was 298.1 ± 1.6 MBq/ml with acquisi-
tion times of 3 s, 30 s and 300 s TPB. These scans were divided into ~ 3 MBq/ml, ~ 30
MBq/ml and ~ 300 MBq/ml for 300 s TPB and total scan duration of 45 min.
All images acquired by the 3DT-Scanner were reconstructed using POSEM [12] with
32 subsets and 12 iterations, as this was the recommended reconstruction method with
the same number of total updates of 384. Post-processing and performance parameter
calculations were done in the same way as described for the 2DT-Scanner in the sec-
tions above.
Results
Sensitivity
The sensitivity measured with the XUHR-M collimator was 237 cps/MBq (0.024%), for
the GP-M collimator 847 cps/MBq (0.085%) and for the UHS-M collimator 2054 cps/
MBq (0.205%). Sensitivity for the established 3DT-Scanner was 1710 cps/MBq (0.171%)
and so more than twice the sensitivity of the 2DT-Scanner system with one detector
less and the same GP-M collimator.
Spatial resolution
For the investigated collimators, rod diameters of 0.35 mm for the XUHR-M, 0.50 mm
for the GP-M and 0.75 mm for the UHS-M could be resolved. Despite the third de-
tector, the 3DT-Scanner was not able to clearly resolve rods smaller than 0.50 mm with
the same GP-M collimator. In Fig. 3a, hot-rod studies are shown to compare each
collimator.
Uniformity
By calculating the uniformity in accordance to the NEMA protocol, the results for the
investigated collimators were 41.3% (XUHR-M), 31.2% (GP-M) and 23.0% (UHS-M).
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The 3DT-Scanner achieved a uniformity of 16.3% with the GP-M collimator and was
therefore superior to all collimators examined in 2DT-Scanner. Reconstructed images
and line profiles are shown in Fig. 3a, b for illustration.
Contrast-to-noise ratio
Figure 4 shows the CNR values for four different count ranges, plotted against the rod
diameter of the examined mini Derenzo hot-rod phantoms. The reconstructed images
used for calculation are shown in Figs. 5 and 6 for illustration.
UHS-M
The UHS-M showed its potential in the low-count setting with 0.3 MBq/ml activity
concentration for 0.80 to 1.20 mm rod diameters with CNR ranging from 0.37 to 1.55.
The maximum value was reached for 1.50 mm and is 1.78, which is still smaller than
that of the GP-M with 2.09. Also, for the 3.0 MBq/ml study, it reached the highest
CNR values for 1.20 and 1.50 mm with 1.96 and 2.29, respectively. Close to the
assessed maximum resolution of 0.75 mm, the UHS-M achieved a usable image quality
with a peak CNR of 1.94 for the 30 MBq/ml measurement. CNR values decreased again
for the 300 MBq/ml measurement with the image quality for the high-count setting be-
ing reasonable. The overall peak CNR was achieved for the 30 MBq/ml measurement
with the 1.50 mm rod size and was 2.47.
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Fig. 3 SPECT images for assessment of spatial resolution with respective hot-rod phantoms (a) and uniformity
with homogenously filled phantoms (b). c Shows corresponding line profiles illustrated as yellow line in (b).
Contrasting juxtaposition of the three investigated collimators UHS-M, GP-M and XUHR-M. Right side shows
data acquired with the 3DT-Scanner. Smallest discriminable rod size was 0.75 mm for the UHS-M, 0.50 mm for
the GP-M (2DT-Scanner and 3DT-Scanner), 0.35 mm for the XUHR-M. Uniformity records 23.0% (UHS-M), 31.2%
(GP-M), 16.3% (GP-M, 3DT-Scanner) and 41.3% (XUHR-M). Representative images were chosen with slice
thickness of 0.2 mm for UHS-M and GP-M and 0.1 mm for XUHR-M, respectively, for optimal visualization
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GP-M
The general-purpose mouse collimator was superior for intermediate count range of
3.0 MBq/ml, especially in the range of 0.60 to 1.00 mm. For the rods of the 850.100
phantom, the CNR ranged from 0.76 for 0.60 mm to 1.62 for 0.75 mm. CNR in the
850.500 phantom for rod sizes of 0.70 to 1.00 mm were 0.80 to 1.64. For the 0.3 MBq/
ml measurement, the GP-M was able to show strength for 0.75 mm with 0.82 and for
1.50 mm with 2.09. For the high-count setting with 30 MBq/ml, it still was able to
achieve the best image quality for 0.70 to 1.00 mm and 1.50 mm. For the collimator’s
maximum resolution of 0.50 mm, CNR values were 0.05 to 1.42, only resolved starting
with the activity concentration of 30 MBq/ml. The overall peak CNR was 2.52 for 1.5
mm rods in the 30 MBq/ml measurement.
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Fig. 4 Contrast-to-noise ratio (CNR) of the investigated collimators with optimized values for each rod
size by Gaussian post-filtering (full width half maximum = rod size). Bar charts compare the image
quality of the collimators XUHR-M, GP-M and UHS-M for different activity levels in the mini Derenzo
phantoms 850.500 and 850.100. In addition, the graphs in (c), (e) and (g) show how the 3DT-Scanner
with the same GP-M collimator and a pixel-based ordered-subset expectation maximisation (POSEM)
reconstruction algorithm compares to the new 2DT-Scanner and the similarity-regulated ordered-
subset expectation maximisation (SROSEM) algorithm. Time per bed position (TPB) was 300 s with at
least 9 bed positions (BP), corresponding to a total scan duration of 45 min
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XUHR-M
For the low-count study, the XUHR-M was not able to show any advantages in CNR.
Even though Fig. 4 suggests a supposedly better image quality, the rods were not re-
solved as shown in Fig. 5. CNR was low and even partially negative ranging from − 0.10
for 0.35 mm to 0.83 for 1.5 mm. For the studies with 3.0 MBq/ml up to 300 MBq/ml,
the XUHR-M showed a rod diameter range with superior CNR, being 0.35 mm with −
0.10 to 0.50 mm with 0.43 for 3.0 MBq/ml and 0.35 to 0.75 mm for 30 and 300 MBq/
ml with 0.18 to 2.23 and 0.22 to 2.57, respectively. The visually assessed maximum
resolution of 0.35 mm could only be achieved for the studies with 30 and 300 MBq/ml
in which the corresponding CNR value was 0.18 and 0.22, respectively. Maximum CNR
was calculated for 0.75 mm of the 300 MBq/ml study and was 2.57.
GP-M: U-SPECT5 E-Class vs. U-SPECT+
Comparing the 2DT-Scanner with the 3DT-Scanner for the maximum resolution of
0.50 mm, CNRs were 0.38 and 0.20 for 3 MBq/ml, 0.87 and 0.92 for 30 MBq/ml and
1.42 and 1.06 for 300 MBq/ml, respectively. The total maximum CNR for the compared
rod range from 0.35 to 0.75 mm of the 850.100 phantom was lower for the 2DT-
Scanner with 2.19 than for the 3DT-Scanner with 2.27 for 0.75 mm with 300 MBq/ml.
34.56 ± 1.64 MBq/ml0.35 ± 0.02 MBq/ml 3.42 ± 0.15 MBq/ml
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Fig. 5 Reconstructed SPECT images of the mini Derenzo phantom 850.100 with various activity
concentrations (mean ± standard deviation) of 99mTc for a 300 s TPB scan (9 BP 2DT-Scanner, 12 BP 3DT-
Scanner). Rod sections marked with the red star were assumed to be the smallest diameter resolved. All
images are shown with 6.0 mm slice thickness and 0.35 mm full width half maximum Gaussian post-filter
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Overall, the values of the two systems only differed by an average of 3.6%. As shown in
Fig. 5, the image quality was comparable.
Discussion
We carried out a performance evaluation looking at sensitivity, spatial resolution, uni-
formity and contrast-to-noise ratio of a novel, ultra-high-resolution, small-animal SPEC
T with two large stationary detectors. Using three different multi-pinhole collimators
for mouse imaging, we compared the scanner’s performance to a conventional, three-
detector micro-SPECT system. The sensitivity of the new 2DT-Scanner was reasonably
high, considering the reduced detection area by one third. Concerning uniformity, the
UHS-M (23.0%) and GP-M (31.2%) collimators were clearly superior to the XUHR-M
(41.3%) with the U-SPECT5-E. Nonetheless, the three-detector system with a homo-
geneity of 16.3% (GP-M) surpassed the two-detector system in that regard. We assume
that this decrease in uniformity is due to a combination of lower sensitivity and the lack
of corrective image information from the third bottom detector [18]. Even without the
bottom detector, however, the two investigated collimators UHS-M and GP-M were
able to achieve ultra-high spatial resolution in the submillimetre range for high-count
as well as low-count settings of approximately 0.3 MBq/ml activity concentration. For
the XUHR-M collimator, a concentration of around 3.0 MBq/ml was necessary to
achieve a maximum resolution of smaller than 1.00 mm. The smallest discriminable
10 mm
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XUHR-M
GP-M
Phantom
850.500
34.40 ± 4.43 MBq/ml0.33 ± 0.02 MBq/ml 3.22 ± 0.25 MBq/ml
0.24 MBq/ml 2.33 MBq/ml
1.50
1.20 0.70
1.0 0.80
0.90 mm
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Fig. 6 Reconstructed SPECT images of the mini Derenzo phantom 850.500 with various activity concentrations
(mean ± standard deviation) of 99mTc for a 300 s TPB scan (10 BP). Rod sections marked with the red star were
assumed to be the smallest diameter resolved. All images are shown with 6.0 mm slice thickness and 0.35 mm
full width half maximum Gaussian post-filter
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rod size in our experiments was 0.75 mm (UHS-M, with 2DT-Scanner), 0.50 mm (GP-
M, with both the 2DT-Scanner and 3DT-Scanner) and 0.35 mm (XUHR-M, with 2DT-
Scanner), respectively. When comparing the 2DT-Scanner and 3DT-Scanner, max-
imum resolution remained unchanged, as this depends in particular on the design of
the collimator and its pinhole size which was the same for both systems. The loss of
sensitivity can be explained by the reduced total detector surface, as this is decisive for
the maximum number of registered counts [19].
We decided to use visual analysis of hot-rod phantoms instead of line spread func-
tions, as we focused on the tomographic resolvability of the activity-filled rods to allow
better transfer to preclinical in vivo settings. CNR analysis was performed to evaluate
the image quality of three collimators for different purposes of mouse imaging, as well
as comparing the CNR to a conventional 3DT-Scanner system with three stationary de-
tectors. It should be mentioned that due to the reduced number of rods with a diam-
eter of 0.75 mm in the 850.100 phantom, the CNR for this section became larger than
for 0.80 and 0.90 mm in the 850.500 phantom, which makes a direct comparison be-
tween them impossible. The UHS-M collimator provided the best image quality in the
low-count setting of 0.3 MBq/ml, mainly because of its high sensitivity. A higher activ-
ity concentration of 3.0 MBq/ml was also associated with significantly better image
quality. Despite the increasing CNR, it was found that by further increase of the count
level, the advantages of the high sensitivity became less noticeable, because starting
from about 3.0 MBq/ml, the GP-M collimator showed higher values for almost all rod
sizes. At least an intermediate activity concentration of 3.0 MBq/ml was necessary to
receive excellent contrast and noise for the GP-M. Low-count image quality was still
reasonable for the GP-M with minor deficits compared to the UHS-M. Assessing the
small rods of 0.35 to 0.60 mm, the image quality of the XUHR-M with 3.0 MBq/ml
was, albeit not good, comparable to the other collimators. High activity concentrations
of preferably at least 300 MBq/ml were essential for resolving small structures with
beneficial contrast-to-noise ratio. Regarding the XUHR-M collimator, further experi-
ments with even higher activity concentrations are necessary to fully exploit its poten-
tial. With the pinhole size of 0.25 mm, a resolution of about 0.25 mm should be
achieved under ideal conditions, as already described [7]. In addition, a resolution of
0.15 mm in a mini Derenzo phantom was achieved with another collimator for tissue
samples [20]. It has to be conceded, however, that high activity concentrations, long
scan times or focus on a very small FOV might not be realistically transferable to
in vivo settings.
Comparing the 2DT- to the 3DT-Scanner regarding the capabilities of the GP-M col-
limator, results suggest that both scanners have similar image quality performance for
the examined rod diameters. Yet the 2DT-Scanner was able to reach slightly higher
CNR values for the majority of investigated rod sizes despite the smaller detection area.
As the CNR of the three-detector system deviates only 3.6% in average from the two-
detector system, a clear advantage in image quality could not be determined. While this
may be attributed to the novel system’s performance in the first place, it must also be
taken into account that different reconstruction algorithms were used. Acquisition and
reconstruction parameters were defined as comparable as possible, though. Based on
our collimator comparison, we can support the manufacturer’s recommendation to use
the GP-M collimator for general purposes, as it provides the best image quality in most
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cases. UHS-M could be advantageous especially for whole body images that do not re-
quire very high image quality. XUHR-M may be suitable for overnight scans of dead
animals with high injection dose and high uptake values in the target organ.
The results for the 2DT-Scanner in our work are largely consistent with earlier stud-
ies on the performance of its established predecessor U-SPECT-II [10]. The tested
scanner maintains the characteristic advantages and disadvantages of ultra-high-
resolution multi-pinhole SPECT with stationary detectors compared to opponents with
moving detectors [3, 21–23].
Although one detector was removed, the image quality of 2DT-Scanner was on par
compared to an established three-detector set-up, especially under low-count condi-
tions. Therefore, we expect the U-SPECT5 three-detector system to be even better due
to higher sensitivity and uniformity. While the advantages of a third detector in terms
of sensitivity could be compensated by increasing either the injection dose or the detec-
tion time by about 50%, it should be noted that injection volume, radioactive dose and
scanning time are strictly limited in many places due to animal welfare regulations [24].
Therefore, focused scans could help to maintain high spatial resolution with reasonable
image quality, e.g. by applying the method introduced by Branderhorst et al. [25]. If a
very high in vivo resolution is required, it may be possible to achieve this by using a
precisely defined scan volume and an application for defining such volumes has already
been described [9]. Depending on the research question and the selected scan volume,
important information may be lost during this procedure.
For the future perspective, multi-isotope studies would be of interest, as recently pub-
lished for another SPECT scanner [26]. Also, when using several isotopes, an approach
in the low-count range could be investigated, as it might be more realistic concerning
in vivo performance.
Finally, we are looking forward to a standardised phantom and performance protocol
for small animal SPECT, as well as it is established by NEMA for small animal PET [16].
In the future, it will be of interest how the measured performance of the system will
be transferable to an in vivo mouse study and how the 2DT-Scanner performs with fur-
ther established isotopes as well as in multi-isotope setting.
Conclusion
The novel U-SPECT5-E system evaluated in this study provides first-rate spatial reso-
lution and contrast-to-noise ratio with two stationary detectors comparable to the per-
formance of an established three-detector scanner. Despite decreased sensitivity and
signal uniformity in the absence of a third detector, the tested scanner’s image quality
is suitable for preclinical SPECT imaging in small animals.
Acknowledgements
The authors would like to thank Seigo Kinuya and Hiroshi Wakabayashi (Department of Nuclear Medicine, Kanazawa
University Hospital) for supporting the experiments with the U-SPECT+ as well as the Department of Nuclear Medicine
of the University Hospital Würzburg for providing the tracer.
Code availability
Not applicable.
Consent to participate
Not applicable.
Hoffmann et al. EJNMMI Physics            (2020) 7:64 Page 13 of 15
Authors’ contributions
Conceptualization: JVH, JPJ, TH; methodology: JVH, JPJ, TK; formal analysis and investigation: JVH, JPJ, TK;
writing—original draft preparation: JVH, JPJ; writing—review and editing: JVH, JPJ, TK, TS, MO, CL, J-PG, AKB, TH; fund-
ing acquisition: JVH, JPJ, TK, CL, TH, AKB; project administration: TH TS, MO; resources: TH, AKB, TS, MO; supervision: TH,
AKB; validation: TS, MO, CL, J-PG, AKB, TH; visualization: JVH, JPJ. The author (s) read and approved the final manuscript.
Funding
Jan Vincent Hoffmann and Jan Paul Janssen were supported by a doctoral fellowship of the Faculty of
Medicine, University of Würzburg in the framework of the Graduate School of Life Sciences. Jan Vincent
Hoffmann was supported by the PAJAKO fellowship of the DAAD (German Academic Exchange Service).
Takayuki Kanno was supported by the Japan Public-Private Partnership Student Study Abroad Program (TOBI-
TATE! Young Ambassador Program). Open Access funding enabled and organized by Projekt DEAL.
Availability of data and materials
The datasets used and analysed during the current study are available from the corresponding author on reasonable
request.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors of this manuscript declare no relationships with any companies, whose products or services may be
related to the subject matter of the article.
Author details
1Department of Nuclear Medicine, University Hospital Würzburg, Oberdürrbacher Strasse 6, 97080 Würzburg, Germany.
2Comprehensive Heart Failure Center, University Hospital Würzburg, Würzburg, Germany. 3Department of Quantum
Medical Technology, Graduate School of Medical Sciences, Kanazawa University, Kanazawa, Japan. 4Nuclear Medicine,
Medical Faculty, University of Augsburg, Augsburg, Germany. 5Department of Diagnostic and Interventional Radiology,
University Hospital Würzburg, Würzburg, Germany. 6Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences, Okayama University, Okayama, Japan.
Received: 14 July 2020 Accepted: 19 October 2020
References
1. Franc BL, Acton PD, Mari C, Hasegawa BH. Small-animal SPECT and SPECT/CT: important tools for preclinical
investigation. J Nucl Med. 2008;49:1651–63. https://doi.org/10.2967/jnumed.108.055442.
2. Goertzen AL, Bao Q, Bergeron M, Blankemeyer E, Blinder S, Canadas M, et al. NEMA NU 4-2008 comparison of preclinical
PET imaging systems. J Nucl Med. 2012;53:1300–9. https://doi.org/10.2967/jnumed.111.099382.
3. Deleye S, Van Holen R, Verhaeghe J, Vandenberghe S, Stroobants S, Staelens S. Performance evaluation of small-animal
multipinhole muSPECT scanners for mouse imaging. Eur J Nucl Med Mol Imaging. 2013;40:744–58. https://doi.org/10.
1007/s00259-012-2326-2.
4. Van Audenhaege K, Van Holen R, Vandenberghe S. Analysis of the trade-off between sensitivity and resolution of a
pinhole collimator for SPECT. J Nucl Med. 2012;53:2410.
5. Ivashchenko O, van der Have F, Goorden MC, Ramakers RM, Beekman FJ. Ultra-high-sensitivity submillimeter mouse
SPECT. J Nucl Med. 2015;56:470–5. https://doi.org/10.2967/jnumed.114.147140.
6. Vaissier PE, Goorden MC, Vastenhouw B, van der Have F, Ramakers RM, Beekman FJ. Fast spiral SPECT with stationary
gamma-cameras and focusing pinholes. J Nucl Med. 2012;53:1292–9. https://doi.org/10.2967/jnumed.111.101899.
7. Ivashchenko O, van der Have F, Villena JL, Groen HC, Ramakers RM, Weinans HH, et al. Quarter-millimeter-resolution
molecular mouse imaging with U-SPECT+. Mol Imaging. 2014;13. https://doi.org/10.2310/7290.2014.00053.
8. Vastenhouw B, Beekman F. Submillimeter total-body murine imaging with U-SPECT-I. J Nucl Med. 2007;48:487–93.
9. Branderhorst W, Vastenhouw B, van der Have F, Blezer EL, Bleeker WK, Beekman FJ. Targeted multi-pinhole SPECT. Eur J
Nucl Med Mol Imaging. 2011;38:552–61. https://doi.org/10.1007/s00259-010-1637-4.
10. van der Have F, Vastenhouw B, Ramakers RM, Branderhorst W, Krah JO, Ji C, et al. U-SPECT-II: an ultra-high-resolution
device for molecular small-animal imaging. J Nucl Med. 2009;50:599–605. https://doi.org/10.2967/jnumed.108.056606.
11. Vaissier PE, Beekman FJ, Goorden MC. Similarity-regulation of OS-EM for accelerated SPECT reconstruction. Phys Med
Biol. 2016;61:4300–15. https://doi.org/10.1088/0031-9155/61/11/4300.
12. Branderhorst W, Vastenhouw B, Beekman FJ. Pixel-based subsets for rapid multi-pinhole SPECT reconstruction. Phys Med
Biol. 2010;55:2023–34. https://doi.org/10.1088/0031-9155/55/7/015.
13. Shepp LA, Vardi Y. Maximum likelihood reconstruction for emission tomography. IEEE Trans Med Imaging. 1982;1:113–
22. https://doi.org/10.1109/TMI.1982.4307558.
14. Ogawa K, Harata Y, Ichihara T, Kubo A, Hashimoto S. A practical method for position-dependent Compton-scatter
correction in single photon emission CT. IEEE Trans Med Imaging. 1991;10:408–12. https://doi.org/10.1109/42.97591.
15. Loening AM, Gambhir SS. AMIDE: a free software tool for multimodality medical image analysis. Mol Imaging. 2003;2:
131–7. https://doi.org/10.1162/153535003322556877.
16. National Electrical Manufacturers Association (NEMA). NEMA NU 4-2008: performance measurements of small animal
positron emission tomographs. Rosslyn: National Electrical Manufacturers Association; 2008.
Hoffmann et al. EJNMMI Physics            (2020) 7:64 Page 14 of 15
17. Walker MD, Goorden MC, Dinelle K, Ramakers RM, Blinder S, Shirmohammad M, et al. Performance assessment of a
preclinical PET scanner with pinhole collimation by comparison to a coincidence-based small-animal PET scanner. J
Nucl Med. 2014;55:1368–74. https://doi.org/10.2967/jnumed.113.136663.
18. Harkness BA, Rogers WL, Clinthorne NH, Keyes JW Jr. SPECT: Quality control procedures and artifact identification. J Nucl
Med Technol. 1983;11:55–60.
19. Mitchell GS, Cherry SR. A high-sensitivity small animal SPECT system. Phys Med Biol. 2009;54:1291–305. https://doi.
org/10.1088/0031-9155/54/5/013.
20. Nguyen MP, Goorden MC, Kamphuis C, Beekman FJ. Evaluation of pinhole collimator materials for micron-resolution
ex vivo SPECT. Phys Med Biol. 2019;64:105017. https://doi.org/10.1088/1361-6560/ab1618.
21. Boisson F, Zahra D, Parmar A, Gregoire MC, Meikle SR, Hamse H, et al. Imaging capabilities of the Inveon SPECT system
using single-and multipinhole collimators. J Nucle Med. 2013;54:1833–40. https://doi.org/10.2967/jnumed.112.117572.
22. Beekman F, van der Have F. The pinhole: gateway to ultra-high-resolution three-dimensional radionuclide imaging. Eur J
Nucl Med Mol Imaging. 2007;34:151–61. https://doi.org/10.1007/s00259-006-0248-6.
23. Islamian JP, Azazrm A, Mahmoudian B, Gharapapagh E. Advances in pinhole and multi-pinhole collimators for single photon
emission computed tomography imaging. World J Nucl Med. 2015;14:3–9. https://doi.org/10.4103/1450-1147.150505.
24. Diehl KH, Hull R, Morton D, Pfister R, Rabemampianina Y, Smith D, et al. A good practice guide to the administration of
substances and removal of blood, including routes and volumes. J Appl Toxicol. 2001;21:15–23. https://doi.org/10.1002/jat.727.
25. Branderhorst W, van der Have F, Vastenhouw B, Viergever MA, Beekman FJ. Murine cardiac images obtained with
focusing pinhole SPECT are barely influenced by extra-cardiac activity. Phys Med Biol. 2012;57:717–32. https://doi.org/10.
1088/0031-9155/57/3/717.
26. Lukas M, Kluge A, Beindorff N, Brenner W. Multi-isotope capabilities of a small-animal multi-pinhole SPECT system. J
Nucl Med. 2020;61:152–61. https://doi.org/10.2967/jnumed.119.226027.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Hoffmann et al. EJNMMI Physics            (2020) 7:64 Page 15 of 15
